The etiology of multiple sclerosis (MS) is considered to involve genetic, environmental, infective, and immunological factors which affect the integrity of a normally assembled myelin sheath, either directly or indirectly resulting in demyelination. In a correlative study involving protein chemical, mass spectrometric, and electron microscopic techniques we have determined that myelin obtained from victims of MS is arrested at the level of the first growth spurt (within the first 6 yr of life) and is therefore developmentally immature. The data supporting this conclusion include (a) the pattern of microheterogeneity of myelin basic protein (MBP); (b) the NH2-terminal acylation of the least cationic component of MBP ("C-8"); (c) the phase transition temperature (TJ) of myelin isolated from victims of MS correlated with the increased proportion of the least cationic component of MBP; and (d) immunogold electron microscopy using an antibody specific for "C-8" showed that the distribution of gold particles in a 2-yr-old infant was similar to the distribution found in a victim of MS. We postulate that this developmentally immature myelin is more susceptible to degradation by one or a combination of factors mentioned above, providing the initial antigenic material to the immune system. (J. Clin. Invest 1994.94:146-154.)
Introduction
Multiple sclerosis (MS)' is a demyelinating disease of the human central nervous system. It is considered by some to be multifactorial in origin. An environmental factor (possibly a virus) induces disease in a genetically susceptible host, resulting in an autoimmune disease. Variations of this theme are presented in several review articles published recently (1) (2) (3) (4) (5) .
Whereas all theories assume that MS represents breakdown of a normally structured myelin sheath, studies in our laboratory suggest that MS occurs in a structurally immature myelin membrane. We have come to this conclusion from our studies of certain aspects of myelin basic protein (MBP), one of the major proteins in myelin. Historically, MBP has been linked to MS because it induces allergic encephalomyelitis in laboratory animals, variously considered to be a model for MS. Although immunological studies on encephalomyelitis (EAE) are numerous, the detailed chemical structure of MBP, in particular its microheterogeneity, and the implications of the charge differences on the stability of the myelin sheath have been largely ignored, particularly as they relate to disease.
Myelin is the multilayered structure which surrounds the axons of the central and peripheral nervous systems. In the central nervous system (CNS) the myelin proteins account for -20-25% of the dry weight, the rest of which is contributed by the lipids. Two (6) . At least three variants have been reported in the human brain, the 21.5-, 18.5-, and 17.3-kD sizes (7) (8) (9) (10) (11) . These variants are believed to arise by alternate splicing of a single message.
In addition to size heterogeneity of MBP, charge microheterogeneity also exists, which has been documented only for the 18.5-kD variant (the major variant in the human), although a similar charge microheterogeneity likely exists for the other variants as well (e.g., in the mouse) (12) . The source of the charge microheterogeneity has been considered to arise, in part at least from phosphorylation, deamidation, and loss of COOHterminal arginine (13) (14) (15) , oxidation of methionine to the sulfoxide (16) , and recently, the presence of citrulline in the place of arginine at selected sites in the NH2-and COOH-terminal portions of the molecule (17) .
When the 18.5-kD variant of MBP is isolated and purified it migrates as a single band on SDS-PAGE. However, on alkaline disc gels in urea at pH 10.6, the 18.5-kD variant resolves into a variable number of proteins, usually 6-8. Each of these components differs from its nearest neighbor by one charge, hence the term charge microheterogeneity. Several of the charge isomers can be separated and purified on CM52 columns (17) . The most cationic (considered the most unmodified) elutes last from the column and is called C-1 (13) (14) (15) . Component 2, C-2, elutes just before C-I and differs from C-I by the loss of one positive charge and so on for the other components.
When purified MBP from adult brain is applied to a CM52 column at pH 10.6, a variable amount, -20%, fails to bind to the column and is obtained before the commencement of the salt gradient. From protein sequencing data we determined that six arginyl residues were replaced by citrulline, a known posttranslational modification of arginine (17) . Since citrulline is neutral, this modification alone accounts for the loss of six positive charges from the molecule. Recent studies on the microheterogeneity of MBP during development in the rat yielded similar results to those found in the human and therefore it is unlikely that post mortem changes affected the relative amounts of "C-8" in MBP (J. Ramwani and M. A. Moscarello, unpub- lished data).
Our interest in "C-8" was stimulated by earlier protein-lipid interaction studies in model systems (18) . In liquid x-ray diffraction studies, C-1 induced the formation of "crystalline" multilayers; C-2 was 50% as effective as C-1; C-3 was 40% as effective as C-I and C-8 was not effective at all. Vesicle aggregation studies were in agreement with the x-ray data i.e., although C-8 bound to lipid vesicles containing acidic lipids, it was unable to aggregate or organize the lipid in a multilayer arrangement.
These data suggested that the different charge isomers may each have defined roles in the myelin multilayer structure and may be localized differently. Thus, when myelins of different densities were isolated from normal human white matter, the more dense, less compact myelin showed an increased amount of C-8 and a relative deficiency of C-I (18) , suggesting that the extent of myelin compaction was determined by the relative proportion of C-1. Since C-8 is the only MBP which contains citrulline, immunogold localization of C-8 in cryosections of human brain biopsies with a citrulline specific antibody, localized this particular charge isomer to the intraperiod line of myelin whereas antibody to the other charge isomers localized MBP to the major dense line (19) .
In the present manuscript we report on studies which demonstrate that C-8 is relatively increased in MBP from victims of MS compared with MBP from normal white matter and MBP isolated from victims of other neurological diseases such as Alzheimer's, Parkinson's, amyotropic lateral sclerosis, motor neuron disease, and in the experimental allergic encephalomyelitis (EAE) animal model of MS. In fact the relative proportion of C-8 in MBP from MS tissue was similar to that observed in a child of 3-4 yr of age. When correlated with other studies on the nature of the NH2-terminal blocking group and immunogold localization studies, we concluded that myelin development in MS is arrested at the level of a child less than 6 yr old.
Methods
Source of human brain. Human brain white matter (both normal and diseased) was obtained from the Canadian Brain Tissue Bank (Toronto, Canada). Neuropathological diagnoses were provided to us with each sample of white matter in the case summary. The dissections of white matter were carefully done so that none of the plaque or peri-plaque tissues of the MS samples were included. All the work reported in the present study was done with normal-appearing white matter.
Isolation of human myelin. Myelin was isolated from human brain white matter by the method of Lowden et al. (20) .
Isolation of charge isomers ofMBP. Basic protein (MBP) was isolated from human brain white matter as described by Cheifetz et al. (16) . The various components were isolated by a modification of the method of Chou et al. (15) . Briefly the MBP was dissolved in a ureaglycine buffer at pH 9.6 and applied to a CM52 cation exchange column equilibrated with the urea-glycine buffer at pH 10.6 (17) . The components were eluted as described in the original method with a sodium chloride gradient (0-0.2 M). The fractions under each peak were pooled and desalted by dialysis against water. The components were dialyzed, lyophilized, and stored at -20°C. C-8 which was recovered in the void volume as two fractions C8-A and C8-B was further purified by HPLC as described by us recently (17) Preparation ofpeptides for mass spectrometry. Peptides consisting of residues 1-21 of C-1 and C-8 were prepared by cyanogen bromide cleavage followed by purification on HPLC as described previously (23) .
Electron microscopy. Human white matter was obtained from surgical biopsies from a 2-yr-old male, a 9-yr-old female, a 16-yr-old male and a 16-yr-old female. The white matter from a case of multiple sclerosis of 6 yr duration was obtained at autopsy 4 h after death. All samples were cut into blocks of 0.5 mm3 and fixed in 2% paraformaldehyde in 0. 
Results
The charge isomers of MBP from nonnal and diseased white matter. When MBP was resolved by CM52 column chromatography at pH 10.6, the chromatograms obtained are shown in Fig. 1 . These chromatograms represent typical patterns for MBP isolated from normal infant, adult, and MS white matter. By visual observation it is readily seen that the proportion of C-8 (tubes 1-15) compared with C-1 (tubes 58-70) in the MS sample is much higher than in the normal. The number of samples studied in this manner are shown in Table I . There were 18 normals, 13 MS, 6 Alzheimer's, 2 each of amyotropic lateral sclerosis and Parkinson's, and 1 motor neuron disease. The relative proportions of the various components were obtained by summing the OD280 under each peak (Fig. 1) . The percent C-8 in the normal samples and in other neurological diseases was between 15 and 20% of the total MBP with the majority of samples 18%. The MS samples were noteworthy in that this MBP was -45% C-8 emphasizing the relative preponderance of C-8 in this material. None of the MS samples fell within the normal range of 18.2±5.9 although two of the MBP samples contained 27 and 29% of C-8. Since these two samples were from patients with long standing disease (age at autopsy, 78 and 73 years, respectively, both of whom died of malignant disease), the C-8 values probably reflect a relatively mild form of the disease. The inclusion of these two cases in the 13 we have studied gives rise to the large standard deviation, reflecting the fact that MS is known to be highly variable from individual to individual. The ratio of C-8/C-1 is also shown in Table I .
The MS material shows a threefold increase in this ratio.
The SDS-PAGE of C-8 and C-1 from both MS and normal white matter are shown in Fig. 2 . Both C-8 and C-I migrate with mobilities characteristic of the 18.5-kD variant of MBP. C-8 from both normal and diseased tissues is more difficult to stain with Coomassie blue than C-I as seen by the less intense staining of C-8 ( Fig. 2) even though approximately three times the amount of C-8 was applied to the gel as C-1. This is characteristic of all our C-8 preparations but cannot be explained at the moment. Although C-8, C-1, and C-2 ( The overall similarity between C-8 from normal and MS white matter was confirmed by amino acid compositions (Table II) . The values for C-1 from normal material are taken from our published values (17) . The amino acid composition of C-8 from MS material is almost identical to that for C-8 from normal white matter, including similar amounts of citrulline and ornithine. From these studies we concluded that C-8 from normal MBP was the same as C-8 from MS MBP. When compared with C-1, the most cationic of the components, the C-8 compositions contained higher Glx, citrulline but lower arginine values which is typical of all our C-8 preparations (17) .
Since the crude C-8 material consisted of C8-A and C8-B fractions, purification and identification of the proteins was established and reported in a separate communication (C. Boulias and M. A. Moscarello, manuscript submitted for publication). Briefly, each of C8-A and C8-B (Fig. 1) were further purified by HPLC and were shown to consist mainly of MBP-like proteins by immunoblotting with a monoclonal antibody which recognized residues 130-137 of MBP, amino acid analyses and partial protein sequencing. The overall similarity between the C-8 compositions and C8-B can be seen in Table H . The C8-B composition (also similar to C8-A) was reproduced from C.
Boulias and M. A. Moscarello. When studied separately, it can be seen that both C8-A and C8-B fractions were increased in the MS material compared with normal (Table III) . Since we have demonstrated that C8-A was not recovered in isolated compact myelin (only C8-B is found), but was found in lesser compact forms of myelin isolated from white matter (C. Boulias and M. A. Moscarello, manuscript submitted for publication) the increased proportion found in MS samples was a reflection of greater amounts of less compact myelin in MS. Charge isomers of MBP isolatedfrom human white matter at various ages. MBP was isolated from white matter of human brains of various ages (in the case of the 5-d-old infant whole brain was used). The CM52 columns were run as described in Methods. By 5 yr of age most of the material bound to the column and was resolved into several components. The relative proportion of C-8 in all samples is collected in Fig. 3 . Up to the age of two years all the MBP (100%) chromatographed as C-8. None of the other components were eluted with the sodium chloride gradient. Between the ages of 2 and 4 yr, a dramatic decrease in the percent of C-8 was observed and the adult level of -20% was attained which decreased only slightly from 4 to 16 yr. Also shown in Fig. 3 here (26) , shown as a bar in Fig. 3 (27, 28) . In addition, we showed that the relative abundance of the alkyl carboxylates differed for C-i and C-8.
To study the NH2-terminal acylation of C-I and C-8 from MBPs isolated from infants, normal adults, and adults with various neurological diseases, we prepared the NH2-terminal peptide 1-21 from each protein by cyanogen bromide cleavage as described previously (23) . Each peptide was subjected to Fig. 4 . In Fig. 4, A and B are shown the labeling of cryosections from 2-yr-old infant. The anti-citrulline antibody (Fig. 4 A) labeled these sections much more heavily than the anti-MBP antibody (Fig. 4 B) . In the 9-yr-old child, the labeling with the anti-MBP antibody was slightly heavier (D) than with the anticitrulline antibody (C). The 16-yr-old child showed a distribution similar to the adult in which the anti-MBP antibody labeled the cryosections more heavily than the anti-citrulline antibody (Fig. 4, E and F, respectively) . The labeling of the cryosections from white matter of an MS victim showed heavy labeling with the anti-citrulline antibody and light labeling with the anti-MBP (Fig. 4, G and H, respectively) similar to the labeling pattern of the cryosections from the 2-yr-old (Fig. 4, A and B , respectively). To avoid bias due to selection of electron micrographs the number of particles/4.m2 of myelin were computed and are collected in Table V . With the anti-citrulline antibody, the number of particles/ptm2 decreased with increasing age from 34±4.4 -20±4.6 for the 2-and 16-yr-old children, respectively. However, the MS sample contained 37±4.2 particles/sm2, similar to the number of particles found in the cryosections from the 2-yr-old. With the anti-MBP antibody, the number of particles/ /m2 increased from 21±2.9 in the 2-yr-old to 48±3.7 in the 16-yr-old. The number of particles recorded in the MS samples was 18±2.8 again similar to the number in the 2-yr-old infant.
At first glance, the labeling pattern in Figs. 4, A and B may appear anomalous since the anti-MBP antibody should label all charge isomers of MBP to the same extent. However, differential reactivity between C-8 and C-1 has been observed. In Fig.  5 (Fig. 5 B, lane b) compared to MBP from the 15-mo-old infant (Fig. 5 B, lane a) even though three times more protein was used in the case of the 15-mo-old sample (as measured by amino acid analyses). This markedly decreased reactivity was attributed to the presence of citrulline at position 130 in infant sample. The reactivity of these two MBPs with the anti-citrulline antibody is shown in Fig. 5 C. The sample from the 15-mo-old infant reacted well with the antibody (Fig. 5 C, lane a) while the adult form (C-1) failed to react (Fig. 5 C, lane b) which is in accord with previous observations. Since the 15-mo infant MBP consists entirely of C-8 (citrulline containing MBP) and contains none of the other charge isomers of MBP the immunogold data in Figs. 4, A and B are explained by the poor reactivity of this material with the monoclonal antibody reactive with residues 130-137. Other factors such as accessibility of the epitope (residues 130-137) and the dominant proportion of alkyl carboxylates with short carbon chains (i.e., acetyl and butyl) which may also affect the reactivity of the primary antibody are under investigation.
Discussion
Several lines of evidence have been presented which suggest strongly that myelin (or white matter) obtained from victims of multiple sclerosis is developmentally immature. The different techniques, isolation of charge isomers, x-ray diffraction, electron microscopy, and mass spectrometry do not agree on the exact developmental age. However, it must be in the first 6 yr of life, i.e., one of the two periods of active myelination (the second active period is during adolescence) (1). Despite the fact that, some variability in the human samples can be expected, correlating the structure of myelin in victims of MS with the structure of myelin during the first growth spurt is highly significant.
The fractionation of MBP into its various components or charge isomers has elucidated some interesting phenomena. Thus the relative amounts of C-8 in MBP isolated from normal human white matter represents -20% of the total MBP. Since similar relative proportions of C-8 were found in the rat (unpublished data) it is unlikely that post mortem changes in the human have a significant effect on the relative amounts of C-8 in the isolated MBP. In addition, the relative amount does not change in other neurological diseases such as Alzheimer's, Parkinson's, (Table I ). The samples isolated from multiple sclerosis white matter were different in that C-8 represented -45% of the total MBP, i.e. a 2-3-fold increase over the amount found in normal MBP.
In our studies on the chemical differences between C-8 and all other charge isomers of MBP it was the only one found to contain citrullinyl residues instead of arginyl residues at selected positions in the molecule, determined by direct protein sequencing analysis (17) . Since the ureido group of citrulline is neutral while the guanidino group of arginine is positive, the deimination of six arginyl residues decreases the net positive charge by six and accounts (in part at least) for the chromatographic behavior of C-8 on CM52 cation exchangers.
Mass spectrometric analyses have demonstrated that the NH2-terminus of MBP cannot be accounted for simply by acetylation as originally believed (27, 28) . Our studies have shown that the NH2-terminus is heterogeneously acylated with alkyl carboxylates varying in length from [2] [3] [4] [5] [6] [7] [8] [9] [10] detected at this time. From the age of 4 yr, the adult proportion of C-8 was obtained i.e., -20%. These studies suggest that the C-8 charge isomer is synthesized first during development, followed by C-I and the other components. It also rules out the possibility that C-8 arose by a posttranslational modification of C-I since if this were the case some C-1 should be found at all times. The possibility that C-1 can arise from C-8 is unlikely since no mechanism is known by which citrulline (found only in C-8) in peptide bond can be converted to arginine in peptide bond. On the other hand, the deimination of arginine by a peptidyl arginine deiminase has been demonstrated (30) . However, if C-1 gave rise to C-8 by this mechanism, significant amounts of C-1 should be found early in development unless a very active deiminase is present in early development which converts all C-1 -+ C-8. Since this explanation is unlikely these data suggest that C-8 and C-1 arise by independent mechanisms in the human.
Further support for this hypothesis comes from studies with the MBP isolated from the brains of the mouse mutant Jimpy. Only an MBP with the mobility of C-8 was found in the Jimpy mutant material whereas all components were found in the MBP isolated from normal mouse brain of the same age (31) . These studies suggest that interference with the normal process of myelination and compaction results in the continued production of myelin proteins found in immature and poorly compacted myelin. Thus, C-8 continues to be produced in the absence of further myelin development. In an earlier study on the effects of starvation in the rat, it was reported that myelin synthesized in the malnourished rat had a protein composition characteristic of a normal rat of a younger age (32) . Unfortunately, the microheterogeneity of MBP was not studied at that time.
In an extensive study of the myelin lipids during development in the human, Svennerholm and Vanier (33, 34) demonstrated that the adult lipid levels were attained by -2 yr of age. Therefore, the changes in Tc after this age, i.e., the dramatic increase, could not be accounted for by changes in lipid composition. On the other hand, the large decrease in proportion of C-8 followed by the appearance of C-1, which has been shown to induce the formation of "crystalline" multilayer arrangement in lipid vesicles (35) readily accounts for the increase in order of the membrane in the 5-12-yr age group.
An electron microscopic study of immunogold (3-nm gold particles conjugated to Fab fragments) labeled cryosections of biopsies of human white matter demonstrated that the myelin of a 2-yr-old infant labels more heavily with the anti-citrulline antibody (which recognizes only C-8) than with anti-MBP antibody directed at residues 130-137 of MBP. Because this antibody reacts with C-8 much more poorly than with component 1 (Fig. 5 B) , the labeling pattern in Fig. 4, A (Table V) confirmed these conclusions. In addition, the increased reactivity of C-8 from MS samples compared to C-8 from normal white matter has been documented but unexplained (29) and may contribute to the heavy labeling seen with the anti-citrulline antibody.
Experimental allergic encephalomyelitis (EAE) is considered to be the animal model of MS. EAE was induced in the SJUJ mouse by injection of bovine MBP (Mastronardi F. G., SimonsJohnson R., Ackerley C., Roots B. I., and M. A. Moscarello. manuscript in preparation). Since only a small amount of MBP could be obtained from each 3-mo-old mouse, it was not possible to study the microheterogeneity by CM52 column chromatography as we have done for the human MBP. Instead we used the urea-alkaline polyacrylamide gel electrophoresis method which resolves the various charge isomers in a similar manner, i.e., C-1, the most cationic component, elutes last from the CM52 column and migrates with the greatest mobility in the urea-alkaline gel system. C-8 does not bind to the CM52 column at pH 10.6, but migrates only a short distance into the polyacrylamide gel. Because the gel system is an analytical system, the resolution of the various components of MBP is more complete than that obtained with the preparative CM52 column method. Using the polyacrylamide gel system we found that the MBP from mice which developed EAE was identical to that isolated from normal mice. Each of the MBP samples was subjected to the vesicle aggregation assay, which is very sensitive to the net charge on the protein. All MBP samples showed identical vesicle aggregation patterns which confirmed in a quantitative assay the conclusions from the urea-alkaline gels in which all samples showed identical patterns of microheterogeneity. We concluded from these data that the microheterogeneity of MBP was not altered in EAE. Furthermore the EAE studies support a conclusion that changes in MBP in MS are primary and not secondary to the disease process.
From our studies we propose that the myelin sheath in multiple sclerosis is developmentally immature largely because of the continued synthesis of C-8 at high levels and the failure to synthesize sufficient quantities of C-1, thereby preventing the assembly of highly structured myelin. We postulate that signals (as yet undetermined) are transmitted from the compact myelin sheath to the oligodendrocyte which directs the cell to produce less C-8 and more C-1.
In a recent review of the pathogenesis of MS, Poser (39) concludes that myelinoclosia is a late event caused by unknown mechanisms. Our studies suggest that myelin breakdown resulting from the assembly of an unstable membrane represents an early event which need only occur to a small extent to initiate the subsequent sequelae of the immunological attack. This mechanism addresses the initial event whereby a myelin antigen is made available to the immune system. With the recent report of the larger MBP gene (36) , interesting studies on transcriptional factors (37) and the possibility that multiple interacting genes may determine susceptibility in MS (38) 
